Background: Establishing the species limits and resolving phylogenetic relationships are primary goals of taxonomists and evolutionary biologists. At present, a controversial question is about interspecific phylogenetic information in morphological features. Are the interspecific relationships established based on genetic information consistent with the traditional classification system? To address these problems, this study analyzed the wing shape structure of 10 species of Libellulidae, explored the relationship between wing shape and dragonfly behavior and living habits, and established an interspecific morphological relationship tree based on wing shape data. By analyzing the sequences of mitochondrial COI gene and the nuclear genes 18S, 28S rRNA and ITS in 10 species of dragonflies, the interspecific relationship was established. Method: The wing shape information of the male forewings and hindwings was obtained by the geometric morphometrics method. The inter-species wing shape relationship was obtained by principal component analysis (PCA) in MorphoJ1.06 software. The inter-species wing shape relationship tree was obtained by cluster analysis (UPGMA) using Mesquite3.2 software.
Species name, genus, subfamily, family and the number of specimens of each species 142 1.2 Landmark data acquisition 143 The TPSdig2 software (Rohlf, 2006) was used to digitize wing images of 10 species of 144 Libellulidae, identifying 26 landmarks on the forewing and 27 on the hindwing (in each case, 145 including two on a ruler) (Fig. 1) . The landmark-based geometric morphometrics method was 146 applied to study the morphological diversity in wing size and shape. We set landmarks at the 147 intersections of wing veins with the wing margin and intersections of cross veins with major 148 veins and vein branch points (Table 2) , which was according to Rohlf & Corti (2000) . The forewing and hindwing shape information was input into CoordGen software (Rohlf & 151 Slice, 1990) in the IMP series package. Based on the ruler, the errors caused by the focal length 152 of the photograph were eliminated, and the datum line was set. To examine wing-shape 153 variation, digitized landmark data were subjected to generalized procrustes superimposition to 154 standardize the size of the landmark configurations and eliminate differences caused by 155 translation and rotation (Adams, Rohlf & Slice, 2004) . All standardized data were converted into 156 a two-dimensional data format. The standardized morphological information data were imported into MorphoJ1.06d 160 software (Klingenberg, 2009) , and the morphological changes of 10 species of dragonfly were 161 analyzed by principal component analysis (PCA), Procrustes analysis and Discriminant analysis. 162 The first two main components were extracted as scatter plots of forewings and hindwings. In the 163 MorphoJ1.06d software, the thin-plate spline analysis (Bookstein, 1989) was performed, and the 164 difference in landmark points was analyzed. The visualized legend was used to show the 165 variation in forewings and hindwings in the first two principal components. The DNA barcode data of 10 species of dragonfly was obtained from the NCBI website. We 168 obtained Cytochrome oxidase subunit I (COI) gene of each species with length of 349bp and 18S 169 rRNA, Internal Transcribed Space1 (ITS1) + 5.8s rRNA + Internal Transcribed Space2 (ITS2) 170 and 28S rRNA of each species with length of 747bp. All data were imported into BioEdit v6 171 software for editing, and the built-in clustalw was used to blast sequences (Hall TA, 1999) . Total 172 obtained COI + 18s+ITS+28s gene data with a length of 1096bp was used to construct the 173 maximum parsimony (MP) tree and the Bayesian inference (BI) tree. The gene sequence 174 numbers and related information are shown in Table 3 . In this study, Mesquite 3.2 software (Maddison & Maddison, 2009 ) was used to cluster the 177 morphological characteristics of forewings and hindwings of 10 dragonfly species. The cluster 178 analysis was based on the landmark data for forewings and hindwings of each species established 179 as a matrix. The distance among the taxa represented uncorrected distance. Then, the on forewing, 25 to 26 are ruler; B. Landmarks 1to 25 on hindwing, 26 to 27are ruler 180 relationships among the populations were further summarized based on the unweighted pair-181 group method with arithmetic averages (UPGMA) to build forewing and hindwing shape trees 182 (Ramírez-Sánchez, Luna & Cramer, 2016) . 183 The sequence data were analyzed using maximum parsimony method (MP) and Bayesian 184 inference method (BI). For the maximum parsimony reconstruction, a tree bisection-185 reconnection (TBR) branch swapping heuristic search was run using Geneious and PAUP 4.0 186 with 10,000 random additions (Swofford, 2002) . Gaps were treated as missing data. To estimate 187 branch support, 500 bootstrap pseudoreplicates were performed using 10 random addition 188 searches per pseudoreplicate (Felsenstein, 1981) . The wing shape data were analyzed by PCA and centroid size to find out the shape variation 204 ( Fig. 2A ). The first two PCs accounted for 35.09% and 21.77% of the variation, with the 205 cumulative variation explaining 56.86% of the total shape variation in forewings. Procrustes 206 analysis (Table 4 ) of forewings showed Deielia phaon and Pantala flavescens to have the 207 smallest distance (0.006), suggesting their forewing shape differences was small. Trithemis 208 aurora and Tramea virginia had the largest distance (0.120), meaning their forewing shape 209 differences were large. Discriminant analysis results showed no significant difference in 210 forewing shapes between Deielia phaon and Pantala flavescens (P=1.000), significant 211 differences between Crocothemis servilia and Orthetrum albistylum (P=0.023) and Crocothemis 212 servilia and Orthetrum melania(P=0.042), and strongly significant differences among the other 213 species (P<0.01). A scatter plot ( Fig. 2A ) of the first and second principal components showed 214 that on the PC1 axis, Trithemis aurora, Pseudothemis zonata and Orthetrum testaceus were 215 mainly distributed on the negative direction, whereas the other seven species were mainly 216 distributed on the positive direction. Taking into account the profile plots of the wing veins ( Fig.   217 3), the differences mainly occurred in the apical region (LM6-8) and the discoidal region (LM11-218 14). On the PC2 axis, Orthetrum melania, Tramea virginia, Trithemis aurora and Pseudothemis 219 zonata were positioned mainly on the negative direction, and the other six dragonfly species 220 were distributed mainly on the positive direction. The forewing profiles ( Fig. 3 ) showed that the 221 differences occurred mainly in the apical (LM6-8) and the radial region (LM8-10). Centroid Size The hindwing shape data were analyzed via PCA and Centroid size to find out the shape 227 variation (Fig. 4A ). The first two PCs accounted for 37.08% and 21.41% of the variation, with 228 the cumulative variation explaining 58.49% of the total shape variation in hindwings. Procrustes 229 analysis (Table 4 ) on hindwings showed Crocothemis servilia and Orthetrum testaceus with the 230 smallest distance (0.026), suggesting their hindwing shapes were similar. The Acisoma 231 panorpoides and Tramea virginia had the largest distance (0.132), indicating relatively large 232 differences in their hindwing shapes. Discriminant analysis showed no significant difference in 233 hindwing shapes between Orthetrum melania and Pseudothemis zonata (P=0.111), significant 234 differences between Crocothemis servilia and Orthetrum testaceus (P=0.034), Crocothemis 235 servilia and Orthetrum albistylum (P=0.046) and Crocothemis servilia and Orthetrum melania 236 (P=0.014), and strongly significant differences between Crocothemis servilia and Pseudothemis 237 zonata (P=0.001) and among the other species (P<0.01). A scatter plot of PC 1 vs. PC2 (Fig. 4A) 238 showed that on the PC1 axis, Orthetrum testaceus, Orthetrum melania, Crocothemis servilia, 239 Deielia phaon, and Acisoma panorpoides were positioned mainly on the positive direction, and 240 the other five dragonfly species were distributed mainly on the negative direction. Taking into 241 account the profile plot of the wing vein ( Fig. 5 ), the differences in hindwings occurred mainly in 242 the anal region (LM13-16). On the PC2 axis, Tramea virginia, Acisoma panorpoides, Orthetrum 243 testaceus, and Deielia phaon were distributed mainly on the positive direction, and the other six 244 species were positioned mainly on the negative direction. The profiles of hindwing veins (Fig. 5) 245 showed that the differences occurred mainly in the apical (LM6-8) and the anal region (LM13-246 16). Centroid Size Analysis (Fig. 4B) showed that Deielia phaon and Acisoma panorpoides had 247 smaller hindwings, whereas Tramea virginia and Orthetrum melania had larger hindwings.
248
Combining the results of the two analyses (PCA and Centroid size), the forewing shape 249 change law among species was different to that of hindwing shape. For example, the forewing 250 and hindwing shape analysis of Trithemis aurora showed large differences on the PC1 axis. In 251 Centroid size analysis, Orthetrum melania had the biggest forewings, but Tramea virginia had 252 the biggest hindwings. Analysis of the interspecific relationship among 10 species of dragonfly by the BI method 256 (Fig. 6 ) divided them into two main branches, with Orthetrum species (subfamily Libellulinae) 257 in one branch, having a distant relationship with other species. The remaining seven species were 258 divided into four branches, forming a paraphyletic group. Deielia phaon was on a separate 259 branch, whereas Acisoma panorpoides and Crocothemis servilia were clustered into a branch 260 with a high degree of support (all three species belonging to subfamily Sympetrinae). 261 Pseudothemis zonata was on a separate branch (subfamily Trithemistinae). Pantala flavescens, 262 Tramea virginia and Trithemis aurora were clustered into a branch with a high degree of support 263 (Pantala flavescens and Tramea virginia belonging to subfamily Trameinae, and Trithemis 264 aurora to subfamily Trithemistinae).
265
The phylogenetic tree obtained by the MP method was basically consistent with the 266 relationship tree obtained by the BI method. Although the MP tree divided further the 267 relationship among the seven species in the four paraphyletic groups, the support was not high, 268 so the interspecific relationships obtained by the Bayesian Inference method were only 269 considered in this study. The analysis of forewings ( Fig. 7) showed that (based on the wing shape) the individuals of 274 each species clustered together first, then clustered with the other species with relatively close 275 morphological relationships. In the morphological tree, the species of genus Orthetrum were 276 grouped together, but were mixed with Crocothemis servilia and Deielia phaon; also, Pantala 277 flavescens and Trithemis aurora were clustered together. These groupings were consistent with 278 the results of molecular-based genetic analysis. However, for some other species, the results of 279 morphological clustering based on forewings were completely different from those based of the 280 molecular relationships.
281
The hindwing shape analysis also showed that individuals within the species could be 282 clustered first (Fig. 8) . Compared with the results of the forewing shapes, many similarities were 283 found. For example, Crocothemis servilia and Deielia phaon were also clustered first with 284 Orthetrum, Tramea virginia was a separate branch, and Pseudothemis zonata and Trithemis 285 aurora were clustered into a branch. However, the hindwing shape clustering was completely 286 different from that based on the molecular relationships. In general, even though there was some 287 phylogenetic information in the forewing shape, the relationships based on the molecular data 288 were still substantially different. In contrast, there was no interspecific phylogenetic information 289 in the hindwing shape. + 28S rRNA (B) . The clustering of the forewing morphological tree on the left was (…..) or was not (..x..) consistent with the clustering based on the phylogenetic analysis using the molecular data on the right. + 28S rRNA (B) . The clustering of the hindwing morphological tree on the left was (…) or was not (..x..) consistent with the clustering based on of the phylogenetic analyses using the molecular data on the right. The application of geometric morphometrics method to study wing shape diversity of 296 dragonflies can effectively reveal the relationships among related species (Breuker et al., 2010; 297 Klingenberg, 2016) . The PCA results of the forewing shape in this study showed the main 298 difference between the 10 species of dragonfly was in the apical and radial regions as well as the 299 discoidal region dominated by the wing nodus. In contrast, the main difference in the findwing 300 shape was in the apical region and the anal region dominated by the wing nodus. Based on the 301 dynamic load in flight, the wing nodus of dragonfly is the basis of the whole wing structure, with 302 all the wing veins centered on the wing nodus; hence, the wing nodus is the main load-bearing 303 region during flight (Rajabi et al., 2017) . The surface of the dragonfly's wings forms various 304 hollow and ridge regions (Nakamura, Osonoi & Terauchi, 2016) , so the wing nodus may be 305 affected by bending as well as twisting deformations during flight. The 10 species of dragonfly 306 in this study exhibit large differences in flight behavior, and these differences in behavior might 307 have led to differences in the wing shape. From the perspective of the wing function, the 308 characteristics of the apical region of dragonfly wing are related to its forward dive and fast 309 flight, playing an important role in long-distance migration, territorial patrol and courtship 310 competition (Rajabi et al., 2018) . Therefore, the difference in wing shape among different 311 species tested in the present study was expressed prominently at the apical region of the wing.
312 Regardless of the forewing or hindwing, the cubital region and the anal region differed greatly 313 among species. From a functional point of view, these two regions are closely related to the 314 migratory ability of dragonflies. It is generally considered that dragonflies with strong migratory 315 ability have larger cubital and anal regions than non-migrating dragonflies.
316
In this study, the five species dragonflies of Crocothemis servilia, Orthetrum melania, 317 Orthetrum albistylum, Orthetrum testaceus as well as Acisoma panorpoides were distributed 318 mainly on the positive axis of PC1 and PC2. These species had wide and short forewing, with the 319 small anal region of the hindwing. Tramea virginia, Trithemis aurora, Pseudothemis zonata, and 320 Pantala flavescens were distributed mainly on the negative axis of PC1 and PC2. Their 321 forewings were long and narrow, and the anal region of the hindwing was large. According to the 322 research by Rajabi et al. (2018) , the species of dragonfly with long and narrow wing were more 323 suitable for migration, whereas those with wide and short wings were more suited to standing 324 still. Among the dragonflies tested in the present study, from the behavioral point of view, 325 Tramea virginia, Trithemis aurora, Pseudothemis zonata, and Pantala flavescens were all 326 species with strong flying ability, conducting stagnation flight and territory patrols, whereas the 327 species Crocothemis servilia, Orthetrum melania, Orthetrum albistylum, Orthetrum testaceus 328 and Acisoma panorpoides would prefer hovering around ponds or standing still for long periods. 329 The results of this study were in good agreement with those of Rajabi et al. (2018) , further 330 confirming the relationship between wing shape and migration. This study illustrated the preliminarily relationships among species, genera, subfamilies, 333 and families based on the phylogenetic relationships of 10 species of dragonfly based on the 334 mitochondrial COI gene and the nuclear genes 18S, 28S rRNA and ITS. Deielia phaon and 335 Pantala flavescens showed a close relationship, even though they belong to different subfamilies; The Famliy, Subfamily and GenBank number of 10 species of Libellulidae 
